Chapter 10: Qualification Testing Protocolsfor MEM S
B. Stark and S. Kayali

This guiddine has offered detailed physical andysis of the digtinct parts and materids
used to manufacture a MEMS device. In this chapter, al the information presented will be tied
together through the common thread of space qudification. 1t must be primarily understood that
this guiddline is not, and was never intended to be, a rigid set of specifications. It isinsead a
recommendation of qudification methods. Clearly with the vast array of devices used in the
indudry, it would be difficult to qudify the individua tests needed on a given device.

The proper use of this guide requires referencing to dl the chapters. The specifics of
qudifying a device depend upon the specifics of the process, materids, and Sructures in a
device. The reason that specific standards were not set for MEMS in space is that many people
within the dectronics community have complained that these standards limit ther device
development and do not recognize that some tests on some devices are unnecessary. A further
problem with standards is that they often do not take into account misson requirements. It is
the ultimate job of the misson designers to determine the therma ranges and radiation leves
expected during the misson. To set these ahead of time, without this foreknowledge, can
require expendve overdesigning of parts on short term missions and be too lenient on parts used
on longer missons.

In order to improve rdiability, qudification should begin as early as possible. Higtory
has shown thet the rdiability of a device will fluctuate over its development cycle as shown in
Figure 10-1.
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The initid low rdigbility of prototypes can be attributed to a myriad of causes from
desgn flaws to manufacturing process problems, with a number of other environmenta and
handling issues having an impact. After thisinitia period, religbility improves from refinementsin
device manufacture and from the identification and eradication of predominant failure modes.
Once a device is placed into production, there is a regresson of rdiability semming from the
compromises made to transfer a device from research production to a full scae manufacturing
line. With eventud improvements in production processing, rdiability should gpproach the
potential device relighility.
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Figure10-1: Reliability over the development cycle.

Thee rdiability fluctuations from design to production can be minimized by
incorporating Statistical process control methodologies into device fabrication and by performing
life-testing. This step will force reliability improvements to coincide with device production and
will ultimately lead to a more relidble device that can be brought to market much quicker than
would be otherwise expected. As such, this chapter provides the methods necessary to both
limit this rdliability swing during device development and to improve long term device rdiahility.

There is a four-step procedure followed by most satellite manufacturers which includes
some practices recommended by Qualified Manufacturers Ligting, or QML, programs. These
seps of Process Qudlification, Product Qudlification, Product Acceptance, and Company
Certification, are summarized in Figure 10-2. Process Qualification concerns a procedure the
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manufacturers should follow to assure the qudity, uniformity, and reproducibility of MEMS from
a specific fabrication process. Product Qualification encompasses a set of smulaions and
measurements to establish the mechanicd, dectricd, thermd, and rdiability characterigtics of a
particular device. Product Acceptance is a series of tests performed on the ddliverable device
that are designed to ensure that a part meets the program requirements and to provide specific
reliability information pertinent to that product. Company Certification focuses on the
procedures and management controls that a manufacturer should have in place to assure the
quality of ther MEMS devices.

QUALIFICATION

PROCESS QUALIFICATION
(SECTION 10-1)

PRODUCT QUALIFICATION
(SECTION 10-11)

PRODUCT ACCEPTANCE
(SECTION 10-111)

COMPANY CERTIFICATION
(SECTION 10-1V)

- PROCESS
DEVELOPMENT
- WAFER FAB
DEVELOPMENT
— PARAMETRIC
MONITORS

I— DESIGN RULE
DEVELOPMENT
— LAYOUT RULE
DEVELOPMENT
— WAFER LEVEL
TESTS

— TECHNOLOGY
CHARACTERIZATION

TEST STRCUTURES
I— STARTING
MATERIALS
CONTROL
— ESD
CHARACTERIZATION

AND STANDARD EVALUATION

- DESIGN
VERIFICATION

DESIGN
MODEL
LAYOUT
— PRODUCT
CHARACTERIZATION

- THERMAL
CHARACTERIZATION
— MECHANICAL
CHARACTERIZATION
— ESD SENSITIVITY
— VOLTAGE RAMP
I— TEMP RAMP
- HIGH/LOW

TEMP

- WAFER

ACCPETANCE

TEST

— LOT
ACCEPTANCE
TEST

— PACKAGED
MEMS SCREEN

Figure10-2: Recommended qualification methodology.
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Before these four steps are presented in any detail, one important aspect of MEMS
qudification must be addressed.  Although the manufacturer is ultimately responsble for
ddivering ardiable MEMS, the overal system reliability is the domain of the MEMS user. For

! Company Certification is a process that may only be possible in mature industries. Given the paucity of
MEMS foundries, it is uncertain if Company Certification is realizable. For this reason it is suggested, but
certainly not required that Company Certification be performed.
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this reason, it is in the interest of both parties to understand the expected performance
requirements of both the MEM S and the system into which it will be inserted.

l. Process Qualification

Manufacturers who have standardized their production to a single technology will often
try to qualify their entire production line. Through this process, the manufacturer attempts to
show that its entire production line is under control and operating efficiently. Furthermore, this
process enables the manufacturer to establish an eectromechanica basdline to use in measuring
performance and reliability for dl products coming off the line. The benefits of this process are
twofold. The manufacturer saves costs and time in the development of future devices, since the
reliability and performance characteristics of the condtituent parts of a device will have aready
been edtablished. The user gains both the comfort of procuring parts from an established line
with a history of producing qudified parts and the cost savings inherent to a reduced
gudification time.

The procedure of quaifying a production line is caled process qudificaion. This is
generdly defined as the set of procedures that a manufacturer follows to demondrate that they
have control of the entire process of designing and fabricating a MEMS device using a specific
process, which will usualy be one of the processes listed in Chapter 5. This act addresses dll
aspects of production, including the acceptance of dating materids, documentation of
procedures, implementation of handling procedures, and the establishment of lifetime and falure
data for devices fabricated with the process. Since the goa of process qudification is to
provide assurance that a particular process is under control and known to produce reliable
parts, it needs to be performed only once, dthough a routine monitoring of the production line is
sandard. It is important to understand that only the process and basic structures are being
qualified and that no reiability information is obtained for a particular MEMS design.

Although process qudification is intended to quaify a defined fabrication procedure and
device family, it must be recognized that MEMS technology is evolving a an astounding rate,
which requires the continua updating of fabrication procedures. Furthermore, minor changesin
the fabrication process to account for environmenta variaions, incoming materid variations,
continuous process improvement, or minor desgn modifications may be required. All of these
changes are permitted and frequently occur under the direction of the TRB. Thus mantaning
the status quo does not guarantee maintaining qualification.
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Figure10-3: MEM S process qualification steps.

The internd documents and procedures used by most manufacturers are summarized in
Figure 10-3. In addition to this, the QML program provides guiddines for process qudification.
The first gep in this procedure is to determine the family of devices to be fabricated and the
technology that will be used in the fabrication. After this, the manufacturer will establish a TRB
to control the process qualification procedure. After the processng steps have been defined
and documented, the workmanship, management procedures, materiad tracking procedures, and
design procedures should be documented. The information contained in the documentation

described the process domain that is being qudified.
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Figure10-4: MEM S processreliability evaluation.

The qudlification process dso involves a series of tests designed to characterize the
technology being qudified. This includes the properties and the reiability characteristics of
components being fabricated on the line. Some of these tests are performed at wafer leve,
while other tests require the mounting of structures onto carriers.  All of these tests and the
gpplicable procedures are an integra part of the qudification program and provide vauable
reliability and performance data at various stages of the manufacturing process. Figure 10-4
outlines a recommended series of tests for MEMSS process rdiability evaluation. The number of
devices subjected to each test will normally be determined by the TRB and the rationde for their
decison will become part of the process qudification documentation. Clearly a higher level of
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confidence exigts if more dructures are tested, but this must be balanced by the understanding
that, after a certain point, the incremental gain in confidence is more than offset by theincrease in
cost related to the testing.  Since the stability of the process is being determined as part of the
process qudification, the manufacturer will typicaly fabricate and test components from severd
wafer lots. Figure 10-5 provides a series of tests that are recommended to characterize the
electromechanicd limitations of devices. The performance limitations obtained from these tests
often become the basis for limitsincorporated into the design and layout rules.

One of the aspects of the processes qualification procedure to note is that the procedure
is QML-like and therefore addresses topics Smilar to those of company certification. The
magor difference between the two is that company certification is performed by the customer,
whereas process qudification is self-imposed by the manufacturer, often before customers are
identified. Items particular to process qudifications are described below.

A. Process Step Development

Although the Company Caertification process is dso fundamenta to the process
qudification procedure, the actud task of turning a bare wafer into a processed device is often
the only task associated with process qudification. While process qudification is actudly more
involved, processing is the most critical Step in process qudification and requires the most time
and resources to develop, In addition to this, it is important to recognize that the fabrication
procedures and devices processed on the line are the factors that separate one process from
another. The first step towards process qudification is the documentation of al the steps
necessary to produce a MEMS device. Although dl of the steps in the fabrication process
should be documented, the detals are typicdly considered proprietary by the manufacturer.
Therefore the MEM S customer can expect to see a generalized process flow, but not a detailed
account of each step necessary to reproduce a given product on another line.
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B. Wafer Fabrication Documentation

Once a process is qudified, reiability concerns may il arise from minor variations in
the process flow, environment, or starting materias. For this reason, al wafer fabrication steps
and conditions should be recorded by the manufacturer to maintain the repeatability of the
product. Documentation of these steps and fabrication conditions should be maintained to trace
any future qudlity or reliability concerns to a specific step.  Although process travelers can be
used to document the fabrication and manufacturing steps, they usudly lack the detall necessary
to trace qudity or reliability problems to specific fabrication steps. The wafer fabrication steps
themsdves and the documentation describing them are usudly considered proprietary by the
manufacturer.

C. Parametric Monitors

Parametric monitors are essentid for monitoring a production ling's qudity or continuous
improvement. PMs were fully described in Chapter 8; they are mentioned here only to
emphasize the fact that the choice of the test structures is dependent on the process and
technology being monitored. Therefore, this choice is a criticd dement in the process
qudification procedure. The complete list of parametric monitors is usualy combined into a
sangle lig that is included on dl wafers. The data obtained from the test structures will be
normally stored in a database that permits the quick comparison of each wafer fabricated on the
lineto dl of the other wafers. This permits determination of the process sahility.

D. Design-Rule and M odel Development

The rdiability of MEMS fabricated on a qudified process will greetly depend on
whether or not they are fabricated from qualified structures according to prescribed rules. In
addition to this, the standardization of the structures brings a certain degree of cost reduction.
For this reason, part of the process qudification procedure is to determine and document design
rules that are pecific to the process. Typica information included will be the minimum fegture
sze, maximum etch hole separation, thickness of thin film materids, required overlap in layers,
depth of dry etching. While individua processes will compile their own design rules, the list
mugt contain al information necessary to produce a working device. In addition to this
information, manufacturers should compile information on the properties of al the materids in
the process. Information such as Young's modulus, fracture strength, intrindc resstivity, stray
sress, and therma characteritics, should be maintained by the manufacturer.

To use standard components in MEMSS designs, models must be developed. Although
some commercia packages may include models, they need to be dtered to fit measured
characteristics. Once standardized models are constructed, the chances of design success are
greatly increased.
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E. Wafer Level Tests

The semiconductor industry gtrives to reduce production costs by shifting as much
testing as possible to the earliest possible point in the production cycle in order to weed out bad
wafer lots before more time, and thus money, has been spent on them. The best Strategy
performs wafer level tests that includes eectromechanica characterization, test structure
characterization, and environmenta performance. Limitations may exist in the level of test detall
depending upon the device design and the manufacturer’s test capabilities. In generd, wafer-
levd tests are performed, but they must be supplemented with other verifications, such as test
fixture or in-package tests. Once agreement between the wafer-level and the package-level
tests has been established, the manufacturer may rely on the wafer-level tests for production
monitoring.

F. TCV and SED Tests

One of the most important steps in the process-qudification procedure is to determine
the electromechanicd, environmentd, and reiability characteristics of devices fabricated within
the domain of the process. This data is obtained through the characterization of TCV and
SEDs, as shown in Figures 10-5 and 10-6. All data gathered from these tests should be stored
by the TRB. In most cases, the success of a manufacturer in the quaifying process will depend
on the data from these tests.

G. Starting Materials Contral

The manufacturer should have a mechanism to assure the qudity and characterigtics of
every darting materid, from the wafers and chemicas used in the processng steps to the
shipping containers used for die/wafer trangportation and storage, since they al have a direct
impact on the qudity and reliability of the find product. Andyses of the chemicas and gases
used in processing devices is normaly performed by the device manufacturer or the supplier of
the chemicas. Traceability and documentation of the characterization results to the individua
wafer process lot is essentid in resolving any process variaion or concerns.  The facility audit
program can be the vehicle used to determine the manufacturer’ s level of control.

Mogt device manufecturers procure wafers from outsde suppliers.  Procurement
requirements imposed by the device manufacturer identify the didocation densty, type of
garting materid, resstivity, crystaline orientation, and other characteristics that are important to
the user. This information can help determine the suitability of the darting materid to the
process and the materid’ s capabilities. The traceability and documentation of the procurement
requirements and wafer characterization can be used to resolve any process variation concerns.
Waefer preparation steps, such asinitid surface cleaning, can dso dter device characterigtics and
are an important aspect of process control.
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Integra to the complete process flow is the mask preparation and the method of
identifying changes to the mask sets. The repeatability and qudity of the masks should be
assessed and documented prior to initiation of the fabrication process.

H. Electrostatic Discharge Characterization and Sensitivity

If not handled properly, severd eements used in MEMS can be damaged by ESD.
Therefore, every process and design should be characterized to determine ESD sengtivity.
Regardless of these results, dl MEMS devices should be treated as sensitive to ESD damage.
An ESD handling and training program is essentid to maintain a low level of ESD-atributed
falures.

Inspection, test, and packaging of MEMS should be carried out in a datic-free
environment to assure that delivered products are free of damage. Devices should be packaged
in conductive carriers and delivered in datic-free bags. All handling and ingpection should be
performed in areas meeting “Class 1”7 handling requirements. Both the manufacturer and the
user share the responsibility of assuring that an adequate procedure is in place for protection
againg ESD.

In generd, the following steps can help reduce or diminate ESD problems in device
manufacturing and test aress.
Ensure that al workstations are static free.
Handle devices only at satic free workgtations.
Implement ESD training for al operators.
Control rdative humidity to within 40 to 60%.
Transport al devicesin satic-free containers.

Ground yourself before handling devices.

I. Product Qualification

Product qudification is the process by which a manufacturer proves that a given device
performs its specified task as required by the consumer. To do this, a manufacturer must test a
device under a wide range of conditions and collect data proving that the device performed
adequately. Every MEMS device, before it is introduced into the market, needs to pass
product qudification. Since the process is device specific, even products developed on
qudified lines need to go through product qudification. Figure 10-6 shows a product
qudlification procedure that addresses issues criticd to MEMS.  Although the exact sequence of
tests is not critica, it is recommended that the first two tests, desgn and performance
verification, are conducted firs, since unacceptable performance at this stage will require
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redesgn. Ultimately the exact tests conducted will depend upon the device being tested, which
makes it the job of the manufacturer and end-user to determine what tests are necessary.
However, the next severd sections describe recommended steps that will be common to most
MEMS qudification efforts.

A. MEMS Design and Layout Verification

One of the best ways to reduce MEMS engineering cost and improve reliability is to
verify the design and layout of the device before fabrication. This is usudly done by design
reviews conducted both interndly and externdly by the cusomer. Commonly this involves
sructurd anayss of dl the mechanica subcomponents of the device. With Chapter 6 offering a
solid introduction to the mechanica limits of specific sructures, it should be evident that the
entire device needs to be analyzed to insure that there are no parts experiencing stress over the
fracture limits and that there are no unstable device configurations. This andyss should dso
lead to the development of a structura safety factor, fs:

actual stress (10_ 1)

f =
maximum dlowable stress

S

This andyss will determine a confidence level for a device based upon its design.
Clearly, the higher the factor of safety, the better a part is suited for high-rd applications.
However, a high factor of safety often impedes both device cost and performance. Ultimatdly it
IS up to the user to determine what safety margins are acceptable. Typicaly the verification
process involves representatives from different departments working together to make sure that
both the theoretica design and the actud on-chip implementation are sound. These reviews
should be conducted after design, after layout, but before mask making, and after find MEMS
Characterization.

B. Electromechanical Performance Verification

After a device has been fabricated, but before any of the expensve qudification tests
have been conducted, it is recommended that a basic performance evauation is conducted.
This involves taking a device and subjecting it to norma operating conditions. The output
should be measured and compared with expected values. If the device cannot operate as
expected, then thereis no need for further evaluation of it. Upon passing these basic tests, more
extensive tests can be conducted.

C. Thermal Analyss

Thermd anaysis is an important part of determining the expected lifetime of any ASIC
sub-components of a MEMS device. Since dectronic components expected lifetime is
exponentialy related to temperature, it is important to look for any hot spots on a device that
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could sgnificantly impinge device lifetime. This can be done andyticaly through the equations of
thermodynamics, but it is more often done through external examination. This test needs to be
conducted over the operating range of the device. For structural components, this test can
revea aress of high dress, as there is a mechanica disspation of sress through heat. It isaso
important to perform this test in thermaly activated devices.

D. ESD Sensitivity Tests

It is quite concelvable that some MEMS devices will be sengitive to ESD damage, and
therefore the ESD characterization given in reference [38] should be conducted to determine the
sengtivity of the design. While literature on ESD and MEMS is essentidly nonexistent, certain
electrostatic components of MEMS would appear to be susceptible to ESD. Until more tests
are conducted on the ESD sengitivity of MEMS, these devices should be treated as “Class 1”
devices.

E. Voltage Ramp

The sengtivity of a MEMS device to voltage overdress and the absolute maximum
voltage ratings are determined during the voltage ramp tes. Tedting is normdly done by
ramping the power supply until a catastrophic failure occurs. Ramp rates and step duration are
afunction of the design limitations, but the test should alow the device to sabilize at each sep.
After the tedt, an andysis is recommended to determine the exact fallure ste.  Failure-point
definition should be in consarvative agreement with the device data sheet and design limits

F. Temperature Ramp

A temperature ramp is a useful test to run on a device dated for pace insartion.  This
involves ramping temperature up and down from ambient until falure or severe output
degradation occurs. The duration of the individud steps may vary, but they should be long
enough to insure that the device reaches thermd equilibrium. This will dlow a determination of
the alowable operating limits of the device, kegping in mind that high temperature operation can
sgnificantly wesken the lifetime of dectrical subsystems and is not recommended, even if it is
possble. As with voltage ramping, falure andyss is recommended after the test and falure
points should be in conservative agreement with the device data sheet and design limits.

1. Product Acceptance

MEMS that are designed by qudified engineers, fabricated on process qudified lines,
and verified to meet design goas may gtill exhibit poor rdiability characteristics. This can be due
to amyriad of reasonsincluding variationsin the fabrication process, undetected materids flaws,
and packaging induced stress. No matter what the actuad cause, these devices must be
screened out before they are integrated into high-rel systems.  For this reason, manufacturers of
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al high-rd systems require devices to pass a series of product acceptance tests, in order to
increase the confidence in device reiability. It is this Sep in the qudification process thet is
significantly different for space qudified MEM S as opposed to commercid grade devices.

The level of testing performed during product acceptance is a function of the form of the
deliverable. For example, the first level of acceptance testing, caled “wafer acceptance tet” is
performed at the wafer level to assure the uniformity and rdliability of the fabrication process
through a wafer to wafer comparison. The lot acceptance test for die is a second level test that
provides further reigbility information, but only on a sample of MEMS, due to the difficulty in
performing full characterization on unpackaged devices. It is used if the MEMS user has
requested the MEMS to be delivered in die form for integration into a larger module. This
sample testing will provide the user with only an estimate of device rdiahility, with no knowledge
of the impact packaging will have upon find device rdiability. If packaged parts are requested
ingtead, a full screening can be performed and the user should have the assurance that the
delivered parts are rdigble. The acceptance testing procedure is summarized in Figure 10-6.

The recommended product acceptance test for die deliverable is shown in Figure 10-7.
Note that there are three levels of testing within the procedure and each gtarts with the wafer
acceptance test shown in Figure 10-8. The lowest level of testing is required for MEMS that
have dready been product quaified and have been manufactured on a qualified process line,
wheress the highest level of testing is required for a new circuit design thet is processed on an
unqudified line. Whichever leve of testing is required, the same leve of rdigbility assurance
should be granted to the MEMS device upon completion of the ot acceptance test. The cost
and time advantage of buying MEM S from manufacturers with qudified processes and validated
circuit design should be both sdif evident and subgtantial.
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It is assumed ether that a product acceptance of die deliverables is performed on the
devices before they are inserted into the packaging process or that a subgroup of the parts can
be removed from the packaged parts and life testing performed on them in away smilar to that
recommended for the die ddiverables. Thus, this screen adds further rdigbility information to
the data obtained from the wafer and lot acceptance tests. 100% of the packaged MEMS
devices are recommended to be screened using the packaged parts screen. It must be
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understood that this is only a recommended screen and not al tests will be necessary for dl
devices.

Table 10-1 shows the recommended screening tests that can be used for MEMS
packaged devices and the reference for the screen.  This information is modified from MIL-
PRF-38534 Class K requirements and should be applied after careful consderation of the
gpplicability and mission requirements. It should be kept in mind that these tests are designed
for microelectronic circuits and may need to be modified for specific gpplications of MEMS.

Test Reference
Nondestructive bond pull MIL-STD-883, Method 2023
Internd visud ingpection MIL-STD-883, Method 2017
|R-scan (prior to seal)* JEDEC Document JES2 [39]
Mechanica Shock MIL-STD-883, Method 2002
Constant Acceleration MIL-STD-883, Method 2001
Temperature cycling MIL-STD-883, Method 1010
Therma shock MIL-STD-883, Method 1011
Particle impact noise detection MIL-STD-883, Method 2020
Electrica Customer’s specifications
Burn-in MIL-STD-883, Method 1015
Electricd (high/low) temp Customer’s specifications

Fineleak

MIL-STD-883, Method 1014

Gross leak MIL-STD-883, Method 1014
Radiographic MIL-STD-883, Method 2012
Externd visud MIL-STD-883, Method 2009

Table10-1: Typical packaged device screening.

Throughout the rest of this chapter, a brief description of, and the rationade for, each
product acceptance test or screen will be given.

A. SEM Analyss

Scanning Electron Microscopy andysis can provide vauable information regarding the
dep coverage and qudity of the metdlization and passivation on device. Thus, this todl is
required as part of the wafer acceptance tests. Some accept/rgect criteria are provided in
MIL-STD-883, but they may need some modification to cover different MEM S technologies.

! Thistest may only be necessary if aMEM S device has on-chip electronics.
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B. Nondestructive Bond Pull Test

The integrity of wire bonds cannot dways be judged through visua and eectricd tedts.
Therefore, some qudification procedures recommend the implementation of a nondestructive
bond pull test of each bond. The pull force sdected for this test is generaly dependent on the
materid and wire diameter in question. MIL-STD-883, Method 2023, is normdly used for this
goplication. Obvioudy sdecting the required pull force is criticd and must be decided by the
manufacturer and the user.

Mechanica damage to good bonds as a result of the test is possble. Due to this
problem, some manufecturers have removed this sep from their qudification and screen
procedures and resorted to in-process controls and testing to provide the necessary information.
The decision to require this test must be made by the MEM S user after careful consderation of
the system agpplication and workmanship of the manufacturer.

C. Visual Ingpection

Many defects in MEMS, such as substrate cracks, poor wire bonds, and foreign
materias, reduce device rdiability. Cracks can separate devices that are desgned to be
mechanicaly coupled, thus changing the mechanica characteridtics of the device. Poor wire
bonds increase the resdtivity of the device, which can change the anticipated eectrica output.
Conductive particulates can short out devices, causng huge current flow through tiny fingers of
comb drives. To prevent these and any other obvious flaws from impinging upon device
performance, avisua screen of adeviceis performed during wafer acceptance tests for defects
of the die and during the packaged device screens for packaging and bonding defects.

D. Laser Profile

Since some MEMS will have unacceptably high resdua stresses, it is useful to measure
the warping in a device caused by these stresses. One method of doing this is to use a laser
profiling system to examine surface contour. These systems record non-planar displacements
through the use of laser interferometry and have proven useful in the andyss of MEMS. One
limitation to these systems is that they do not distinguish between surface contour and interna
dress. The only tactic that has proven effective for differentiating between these two effects is
to use differentiad measuring of surface profiles on devices tha are etched on both sdes. For
devices suspended above the subdtrate, there is no method available for directly measuring
interna dress.

E. IR Scan

Some defects, such as substrate cracks and die-attach voids, must be detected, whether
or not they are vishle. Since these types of defects have a different therma conductivity than
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the surrounding defect free region, they may be detected through therma mapping. The basdine
for comparison is the thermal profile of the MEMS device that was made as part of the product
or design verification step. Typicaly a5 °C vaiation in thermd output is enough for a device to
be considered argect. However, this step may not prove that informative if the temperature of
the MEMSS device does not vary much from the ambient temperature. Thus the applicability of
this test will be design dependent and will likely require enough on-chip eectronics to noticesbly
hest the device.

Although infrared microscopes are expensive, require cdibration, and have a minimum
resolution of gpproximatdy 15 mm, they are the best method of mapping a device's thermd
characterigtics, since they do not damage the device. While this screening step is not typicaly
imposed as a requirement following MIL-PRF-38534, it is a good idea for any high power
gpplications or gpplication, such as those involving therma actuators, that require good therma
dability. This step should be performed after die attach and before atachment of the package
lid.

F. Mechanical Shock Screen

This screen isintended to detect weak parts that are required to undergo severe shocks
during trangportation, handling, satellite launch, or other operations. The test subjects the
packaged MEM S to a number of short shock pulses with a defined peak. Failures are detected
during find visud and dectrica screens.

G. Congtant Acceleration

This screen is intended to detect faillures due to mechanicad weaknesses by subjecting
the packaged MEMS to a congtant acceleration. Typical failures occur in the bonds and die
attach, and these are detected during the fina visud and eectricad screens. This screen is an
effective tool to detect poor workmanship. The appendix to this section describes methods for
producing mission specific dynamic tests for MEMS and can be used either as a supplement or
areplacement for the military standards.

H. Temperature Cycling and Shock Screen

Failure in mechanica devices can be acceerated by applying thermd stress. These tests
detect structura defects or weak points in packaging that would normaly result in early failures.
Temperature cycling consgts of cycling a packaged MEMS between extreme temperatures
many times. Typicaly the temperatures used are —65 to 200 °C and the number of cyclesis 15.
The temperature shock screen is Smilar to the temperature cycle screen in that the test involves
subjecting the packaged MEMS to extreme low and high temperature, usualy -65 to 150 °C,
over many cycles. Thedifferenceisthat the rate of change in temperature with respect to timeis
much greater. Temperature shock screens are typically done between baths of hot and cold
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materids, while cycling screens use conductive air cooling to change temperature.  Failure
detection for both screensis donein afina eectrica and visua ingpection. These tests are a'so
discussed in great detail in MIL-STD-883, Methods 1010 and 1011.

|. Particle mpact Noise Detection

During encapsulation, therma stress screens, and mechanicd tests, particles may break
off from either the MEMS device or the package. These loose particles may mechanicaly
damage the MEMS or short out part of the circuit. That particle impact noise detection screen,
or PIND, is a nondestructive test used to find parts that have this defect. During the te<t, the
part is vibrated and a sensor is used to detect anomaous noise. Failure criteria are given in
MIL-STD-883, Method 2020.

J. Burn-In

In an ided world, devices that were substandard would be diminated by a well
controlled process line before they ever reach the cusomer. However, it is unredigtic to
assume that a manufacturer can detect or predict which devices will fail with 100% accuracy.
Therefore, to eiminate the device discussed in Chapter 2 as being part of the infant mortdity
group in agiven production population, the burn-in screen must be performed.

The burn-in screen stresses devices above their normal operating conditions to
accderate any early failure that would occur from latent defects. For dectronic circuits, burn-in
is typicaly done a eevated temperatures to accderate early falure mechaniams. For MEMS,
the import of elevated temperatures will be device dependent. Far more likely to be of use is
the practice of supplying a voltage that is above the norma operating regime for adevice.

The difficulty in the burn-in test is to sdlect a leve of testing that will weed out week
devices while not damaging good ones. An implicit trade off in burn-in is that the confidence
that adevice will not suffer infant mortality comes at the expense of its long-term life expectancy.
Thus, running the test for too long can be as problematic as running it in an abbreviated manner.
The exact details of the burn-in will be up to the manufacturer and customer to decide in trying
to badance the two conflicting gods of confidence and lifetime with the misson requirements.
Devices that fal burn-in, which is usudly defined as a pre-determined shift in output
characterigtics, should be discarded, rather than have any attempts made to salvage them.

K. Leak Test

There was a fair amount of information devoted to the subject of contamination and
induced fallure mechaniams in Chapter 3. To diminate many of these problems, many MEMS
devices are hemeticaly seded in their packages and for these devices, ther rdidbility is
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dependent upon the integrity of these seds. The therma and mechanical tests were intended to
detect defects in packaging but often aleak test is required to find failed devices.

Fine lesk tests consst of placing the packaged device in a chamber pressurized with a
known gas, which will enter the package through any cracks that have developed. Usudly
helium or nitrogen gas with a small concentration of a radioactive isotope is used, since these
gases can be detected in small concentrations usng commercidly available equipment. After a
time, the chamber is cleansed by circulaing air and the packages are tested to determine if gas
leaks from them. Although the use of radioactive isotopes sounds somewhat extreme, it is the
preferred method in high-volume production lines due to the fact that it is easier to detect for a
longer period of time. The disadvantage of this method is that the gas will escgpe from a gross
lesk before it has time to be detected. Therefore, a gross leak test is used that is Smilar to the
fine leak test except that it is conducted with a pressurized liquid bath instead of the gas.

L. Radiographic

The find screen is usudly a radiographic picture of the indde of the seded package
taken with an x-ray machine. This nondestructive test uses radiation to penetrate the package
walls and produce a shadow image on a photographic plate. It is useful for checking the
location and position of wire bonds and for detecting loose particles that may have moved or
broken off during the screening process. In some cases, this screen can dso be useful in
determining the presence of die-attach voids.

IV.  Company Certification

Procurement of MEMS will often be the result of long-term partnerships between the
customer and manufacturer in which both parties collaborate in order to assure the reliability and
performance specifications of the flight ready device. This close relationship between the two
parties evolves through mutua trust. In a new partnership, the best way for a manufacturer to
establish trugt is to show that it has good control over the facilities, processes, and personne
used to make these devicess Typicdly these controls, which include documentation,
procedures, and management practices, are part of a Quaity Management Program. This step
of proving that the company has these processes in place is referred to as “company
cetification” and is usudly verified by the MEMS user through a written or facility audit. It is
recommended that the audit and company certification be completed before the contract for a
deliverable MEMS device is dgned. In some cases, the MEMS user may make this
requirement a paramount consideraion in selecting a company from which to buy pats. A
company that does not have tight quaity controls ingtdled should not be dlowed to supply
MEMS for high-rel applications.
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Figure10-9: Reliability audit.
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Since mogt of the information sought during company certification is based upon
edtablished quality control programs and standard industry methodologies[1] the audit should
be easy and inexpengve for both the user and manufacturer. Manufacturers should keep this
information avalable and reedy for didribution a al times. This whole process may be
facilitated if the manufacturer has passed previous qudification audits, in which case this step
may only require an update from previous audits.

A smplified verson of the audit is shown in Fgure 10-9. The audit for a specific
MEMS must be developed on a case-by-case basis. The mgor items in the Quadlity
Management Program are presented in the rest of this section, but it must be remembered that
thisisonly apartid list. As dated before, the end god of ardiable MEMS device is ultimately
in the hands of the user. Any additiona device specific tests must be specified by the user as
needed.

A. Technology Review Board

In order to assure the qudity and rdiability of MEMS, manufacturers will usudly have a
permanent committee in place with authoritative knowledge of the entire fabrication process. If
the qudity of the process is not maintained, this committee, caled the Technology Review
Board, or TRB for short, will have power to change the process to improve quality. The TRB
is respongble for the following measures:

The deveopment, implementation, and documentation of the manufacturer’s Qudity
Management Program and Quality Management Plan.

The development, implementation, and documentation of the manufecturer’s Process
Qudification, Product Qudification, and Product Acceptance Plans.

Compiling and maintaining al records of the fabrication process, Satistical process control
(SPC) procedures, SPC data, certification and qualification processes, reiability data
analyss, and corrective actions taken to remedy reliability problems.

Examining test dructures and MEMS reiability data and establishing and implementing
corrective actions when the reliability of the devices decreases.

Notifying cusomers when the rdiability of a wefer lot is questioned and supplying the
customers an evauation of the problem and any corrective action required.

Supplying reliability data to customers.

Because of these great responsihilities that cover such a broad area of knowledge, the
members of the TRB should have good hands-on knowledge of device design, technology
development, wafer fabrication, assembly, testing, and qudity assurance procedures. While the
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members of the TRB board are usudly from the manufacturing company, it is not unusud for a
customer to request a seat on the board for their products.

B. Conversion of Customer Requirements

Not al customers express their specifications in the same way, and not dl MEMS
manufacturers publish their performance specifications and operating guiddines in the same way.
Normally a user will ask for adevice with specific characterigtics, such as an accderometer with
a dynamic range of +/- 50g and a resolution of .1g instead of saying that they want a bulk
micromachined device with a cantilever beam accelerometer. It isthejob of the manufacturer to
use the requirements of the user to determine the device design. It is through the conversion of
the customer’ s specifications to the manufacturer’ s designs that the manufacturer can determine
the cost and reliability concerns of the device. It is recommended that the procedure by which a
customer’s requirements are converted to the manufacturer’s working ingructions be
documented. A typica document will describe the procedure a company performs, the order in
which they are performed, and the typicd schedule. Some of the items typicaly included in this
converson are:

Reating customer device requirements to manufacturer device requirements.

Converting the device requirements to a device design, using controlled design procedures
and tools (i.e. established dectric, geometric, mechanical, and reliability design rules).

Egtablishing adesign review team.

Sdlection of test structures.

Mask generation procedure within the controlled design procedure.
Water-fabrication-capabilities basdine.

Circuit fabrication procedure in accordance with approved design, mask, fabrication,
assembly, and test flows.

Incoming ingpection and supplier procurement document covering design, mask, fabrication,
and assembly.

Establishment of screening and traveler documents.
Technology Conformance Ingpection, or TCI, procedures.

Marking requirements.
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Rework procedures.

C. Manufacturing Control Procedures

MEMS manufacture is a complicated process that involves multiple materials and steps,
each of which are critical to fina device performance and reliability. Only a properly controlled
manufacturing line can be expected to routindly produce quaity MEMS devices. For this
reason, the customer needs to be assured that the manufacturer is using only certified processes
and qudified technologies at every step of the manufacturing process. To obtain that level of
assurance, the company certification audit should review the manufacturer’ s procedure for:

Tracesbility of dl materias and products to the wafer lot.
Incoming ingpection to assure conformance to the materia specification.

Electrostatic discharge, or ESD, control in handling the maerid in dl dages of
manufacturing.

Conformance with design requirements at:

Device procurement specification

Layout verification

Tedtability and fault coverage verification

Electrica and mechanicd parameter performance extraction

Archived data

o v N E

Conformance with fabrication requirements at:
1. Mask fabrication

2. Mask ingpection

3. Wafer fabrication

Assembly and package requirements.
Electrica and mechanicd tegting.

Mogt of thisinformation can be obtained by examining the manufacturer’ s process flow.

D. Equipment Calibration and Maintenance

In order to maintain device quality, the processing equipment must be maintained. For
this reason, dl equipment used in the manufacturing process must be kept to the equipment
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manufacturer’ s specifications.  In addition to routine maintenance, the equipment must dso be
cdibrated on aregular basis. Documentation showing the maintenance and caibration schedule,
departures from this schedule, and corrective action taken due to these departures should be
kept by the manufacturers. This documentation will dso highlight any maor discrepancies found
in the cdibration and maintenance of a piece of equipment, Snce it could affect the reiability of
the MEMS. The TRB will review this documentation to determine if any corrective action is
required. Further information on equipment calibration can be found in Reference [31].

E. Training Programs

Even wel maintained and cdlibrated equipment cannot produce quaity devices without
skilled operators. To assure the skills of the personnd employed in the design, fabrication, and
testing of devices, each engineer, scientist, and technician should have formd training rdative to
their tasks. Furthermore, retesting and retraining should be provided regularly to maintain the
worker's proficiency, especidly if new equipment or procedures are introduced into the
manufacturing process. It istherefore recommended that the work training and testing practices
employed to establish, evauate, and maintain the skills of personnd engaged in reliability-critica
work be documented with respect to form, content, and frequency.

F. Corrective Action Program

One of the best ways to continuoudy improve the reiability of manufactured partsisto
test and andyze failed parts from dl stages of manufacturing and, based on these findings, make
corrective actions to the manufacturing process or to the education of the end users. The plan
that describes these corrective actions is normaly documented and should detail the specific
steps followed by the manufacturer to correct any process thet is found to be defective. The
documentation should dso indude the mechaniams and time frames involved in informing
customers of potentia reliability problems.

G. Sdf-Audit Program

To promote continud qudity improvement, manufacturers regularly review ther
manufacturing procedures through an independent internal self-audit program under the direction
of the TRB. The sdf-audit program should identify the criticd review aress, their frequency of
audit, and the corrective action system to be employed when deviations from requirements are
found. Typicd areasincluded in a sdf-audit are:

Cdlibration and preventive maintenance,
Fabrication procedures,

Training programs,

Electrical and mechanica tests,
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Falure andyss programs,

Test methods,

Environmentd control,

Incoming ingpection,

Inventory control and traceability,
Statistical Process Control and
Record Retention.

The sdf-audit checklid, the date of the previous audits, and dl the findings from the
audits are typically mantaned by the TRB, which will use these findings to recommend
corrective actions and prepare a sdlf-audit follow-up.

H. Electrostatic Discharge Handling Program

Because of the catastrophic failure caused by ESD, al personnel that work with MEMS
should be trained in the proper procedures for handling the devices. Furthermore, these
procedures should be documented and available for reference.  Typicdly, the procedures
include the methods, equipment, and materids used in the handling, packaging and testing of
MEMS. Further guidance for device handling is avalable in the Electronics Industry
Association JEDEC Publication EIA 625 [33] and MIL-STD-1686.[34]

I. Cleanlinessand Atmospheric Controls

The qudity of MEMS and the yidd of the fabrication line is directly linked to the
manufacturer’s control over the cleanliness of the environment in which the parts are fabricated.
Therefore, manufacturers often spend a large amount of their resources to guarantee that
devices are fabricated in ultraclean rooms where the atmosphere is tightly controlled. Since the
yidd of the fabrication process is so strongly dependent on the success of maintaining those
conditions, regular measurements are taken to assure the temperature, humidity, and cleanliness
of the fabrication areas. In addition, during trangt and storage prior to sed, the diefwafer should
be protected from human contact, machine overspray, or other sources of contamination. All of
these procedures and measurements are recorded and compiled into a sngle document by the
clean-room manager for future reference.

J. Record Retention

Documentation is the only method available to gauge the rdiability of MEMS as a function
of time, which is criticd to spotting faults in the process line.  Although many sections in this
guide recommend the documentation of certain data or procedures, it is hdpful if a list of
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documents and the period of retention for each document is made. Furthermore, the list should
contain a record of when each document was last changed, who is responsible for maintaining
the document, and where the document is stored. The typica documents to be retained are
those that relate to

Inspection operations,

Fallure and defect report and analysis,

Initia documentation and subsequent changesin design, materids, or processing,
Equipment cdibration,

Process, utility, and materid controls,

Product lot identification,

Product traceshility,

Sdf-audit report,

Personnd training and testing and

TRB mesting minutes.

K. Inventory Control

The proper inventory of al incoming materids and outgoing partsis not only required for
the management of a profitable company but dso for the manufacture of rdidble MEMS
devices. Many materids and chemicas used in the fabrication of MEMS have shdf lives tha
must be tracked if process yield and rdliability are to be maintained. The tracking of in-process
and completed MEMS is essentid for the establishment of MEMS higtory, which is criticd in
falure andydss. Therefore, the methods and procedures used to control the inventory of al
materias rdated to MEMS manufacturing should be documented.  This documentation typicaly
includes:

Incoming ingpection requirements and reports.
Identification and segregation of non-conforming materias.
Identification and control of limited-life materids.

Control of raw materids.

Data retention for required receiving reports, test reports, certification, etc.
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Supplier certification plan.

L. Statistical Process Control

The establishment of a gatistical basdine for judging the continuous improvement of a
manufacturer’s process is an important task. To establish that basdline, the manufacturer should
develop an SPC program using in-process monitoring techniques to control the key processing
deps that affect device yied and reiability. As part of the SPC process, every wafer lot
typicaly has built-in control monitors from which data are gathered, which should then be
andyzed by appropriated SPC methods to determine the effectiveness of the company’'s
continuous improvement plans.  Additiona information on SPC anays's can be found in the
Electronics Industry Association JEDEC EIA 556A [35] and in MIL-1-38535.[36]
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